ABSTRACT: Macromolecular contrast agents have the potential to assist magnetic resonance imaging (MRI) due to their high relaxivity, but are not clinically useful because of toxicity due to poor clearance. We have prepared a biodegradable ketal-based polymer contrast agent which is designed to degrade rapidly at physiological pH by hydrolysis, facilitating renal clearance. In vitro, the agent degraded more rapidly at lower pH, with complete fragmentation after 24 h at pH 7.4. In vitro relaxivity measurements showed a direct correlation between molecular weight and relaxivity. We compared our polymer contrast agent with commercially available Magnevist in vivo by MRI imaging, as well as measuring the Gd concentration in blood. Our results show that our polymer contrast agent gives a higher contrast and intensity in the same organs and areas as Magnevist and is cleared from the blood at a similar rate. We aim to improve our polymer contrast agent design to develop it for use as a MRI contrast agent, and explore its use as a platform for other imaging modalities.
■ INTRODUCTION
Small molecule gadolinium (Gd) chelates offer enhanced contrast in magnetic resonance imaging (MRI) and are rapidly cleared by a healthy renal system, 1 posing little risk of demetalation and thus Gd associated toxicity. Many Gd contrast agents are currently FDA approved and are used in over 25−30% of MRI imaging procedures. 1 However, these small molecule agents do not offer strong MRI contrast because their relaxivity is low. Macromolecular Gd contrast agents, such as polymers 2−6 and dendrimers, 7−11 offer higher molecular relaxivities and are thus promising Gd contrast agents. Their greater relaxivity results from their slower tumbling frequency and their ability to load a greater number of Gd atoms per macromolecule. 12, 13 Unfortunately, despite these promising properties of macromolecular Gd contrast agents, they have not been approved due to toxicity concerns. 8, 14 These concerns stem from in vivo animal 15, 16 and human studies 17−19 that found that their administration leads to accumulation of Gd in tissue, organs, and even bones. This accumulation results from slower clearance of macromolecular contrast agents, which allows more time for Gd to be transmetalated 20 and accumulate in the body. 1, 12 However, longer circulation times can assist in the detection of vascular abnormalities associated with tumors or atherosclerosis, as well as allowing for higher resolution scans and improved signal-to-noise ratios. 14, 21 The challenge then is to create a macromolecular Gd contrast agent with a higher relaxivity that degrades rapidly to facilitate rapid renal clearance, and thus less Gd-associated toxicity.
An ideal macromolecular blood pool contrast agent would have a high relaxivity while simultaneously having a Gdassociated toxicity similar to that of a small molecule. If a macromolecular agent were able to degrade rapidly, the resulting small molecules would be cleared, reducing toxicity. However, there is a dearth of polymeric systems able to undergo rapid degradation at physiologically relevant pH values. One class of polymer that is rapidly degraded through hydrolysis is polyketals; however, they require mildly acidic conditions to do so. 22−25 We hypothesized, based on literature reports, 26 that we could tune the hydrolysis to degrade more rapidly at pH 7.4 by incorporating acidic moieties within the polymer in close proximity to the ketals. We envisioned that the metal chelating groups would serve a 2-fold purpose: one, to chelate Gd, and two, to provide an acidic moiety to catalyze ketal hydrolysis (Scheme 1).
This manuscript details the synthesis, characterization, and relaxivity measurements of our pH-degradable contrast agent and compares its in vivo imaging properties with Magnevist, a commercially available contrast agent. We show that the polymer degrades rapidly, even at physiological pH values. Finally, we show that the in vivo contrast is enhanced and clearance of our degradable contrast agent is similar when compared to Magnevist at equal Gd concentrations.
■ EXPERIMENTAL SECTION
Materials and Methods. Potassium hydrogen phosphate, potassium dihydrogen phosphate, and gadolinium trichloride hexahydrate (GdCl 3 ·6H 2 O) (99.9%) were purchased from Alpha Aesar (Ward Hill, MA). Chelex 100 molecular biology grade resin was purchased from Bio-Rad (Hercules, CA). 1 μm automation compatible filter units were purchased from Millipore (Billerica, MA). 6000−8000 MWCO membranes were purchased from Spectrum Laboratories (Houston, TX). Gadopentetic acid (Gd-DTPA) was purchased from BioPal (Worcester, MA). Magnevist (gadopentetate dimeglumine) was purchased from Bayer Healthcare (Wayne, NJ). Diethylenetriaminepentaacetic (DTPA)-bisanhydride, ethylenediamine, and all other solvents and reagents were purchased from Sigma Aldrich (St. Louis, MO). All molecular weight measurements were performed using an Agilent 1100 series HPLC with an Ultrahydrogel 250 column with a VWD detector (254 nm). The buffer used was 0.1 M sodium carbonate at 0.5 mL/min flow rate. The molecular weights were based on polyethylene oxide standards.
Polymer Synthesis (Scheme 1). The pH-dependent degradable polymer was synthesized by first dissolving an acid-labile diamine 24 (0.38 g, 2.3 mmol) in 15 mL of DMSO containing 1.0 g (9.3 mmol) of anhydrous sodium carbonate. DTPA-bisanhydride (0.85 g, 2.3 mmol) was added portionwise to the reaction mixture, capped with a Teflon cap, and purged with nitrogen. To this, 0.1 mL of triethylamine was added using a syringe and the contents were stirred for 24 h at room temperature. The polymerization was quenched by adding 10 mL of 1% sodium carbonate, and the polymer was precipitated into 300 mL of acetone to give 3.00 g of polymer with sodium carbonate. 0.5 g of this crude was redissolved in 10 mL of water, dialyzed against 0.1 M K 2 HPO 4 (adjusted to pH 10 using KOH) using a 6000−8000 MWCO membrane for two days, and lyophilized. MW = 8900; PDI = 1.88.
Polymer Degradation by Gel Permeation Chromatography (GPC). 0.1 g of the lyophilized polymer with its buffer salts was dissolved in 5 mL of water. The pH of 1 mL aliquots of this solution was adjusted to pH 10, 7.4, or 6.5. These solutions were then incubated at 37°C and injected at various intervals into an aqueous GPC pH = 11 using an Ultrahydrogel 250 column with an RI detector. The molecular weights were based on polyethylene oxide standards.
Polymer Chelation to Gd for Relaxivity Experiments. 400 mg of lyophilized polymer was added to a 40 mL glass vial along with an equal weight of GdCl 3 ·6H 2 O and 20 mL of 100 mM K 2 HPO 4 to give a final concentration of 20 mg/mL of polymer and GdCl 3 ·6H 2 O, and the pH of the solution was adjusted to 10.2−10.4 with KOH. The mixture was stirred at room temperature for 3 days. The extended chelation time allowed appreciable Gd chelation to occur at higher pH values without polymer degradation. The solution was then centrifuged at 3,000 rpm for 5 min to remove insoluble Gd, and the pellet was discarded. To remove free Gd from the supernatant, Chelex100 was added at 100 mg/mL. After stirring for an additional 90−120 min, the solution was centrifuged at 3,000 rpm for 5 min. The supernatant was filtered through a 1 μm syringe filter, and its volume was recorded. After lyophilization and trituration, measuring the mass of powder allowed determination of the original concentration: weight postlyophilization divided by the volume prelyophilization. The Gd content of the original concentration was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) to be 4.56 ± 0.06 mM Gd.
Polymer Relaxivity Measurements. To measure the relaxivity of the polymers, an inversion recovery spin echo experiment was performed in an Aspect M2 (1 T field, Aspect Imaging, Shoham, Israel) with a 60 mm diameter whole body coil. Various concentrations of polymer were prepared at pH 10 to ensure that the pH-dependent degradable polymer would not degrade during the course of the experiment. Polymer was weighed out and diluted to the appropriate Gd concentration. Scan parameters: T R = 2800 ms, T E = 8.4 ms, and 12 T I values. The relaxivity was calculated through a custom Matlab program (Mathworks, Natick, MA, USA).
For phantom imaging of polymer degradation at room temperature, 500 μL solutions of polymer contrast agent were prepared at the desired pH values and a final Gd concentration of 0.5 mM. The solutions were placed into 700 μL microcentrifuge tubes arranged in a custom holder in the Aspect M2. The pH was adjusted to the desired pH values directly before experiment. The software was configured to take a T 1 -weighted image at regular intervals. Scan parameters: T R = 30 ms, T E = 1.7 ms, flip angle = 80°, number of excitations = 3. The images shown were adjusted for contrast/brightness in identical fashion.
For real-time relaxivity measurements, 200 μL of a polymer solution at pH 10 (at Gd concentration 2.28 mM), pH 7.4 (Gd concentration 1.75 mM), and pH 6.5 (Gd concentration 1.50 mM) was heated in a 37°C bath for 5 min. The solution was then transferred to an NMR tube and placed in a Bruker Minispec mq60 contrast agent analyzer (1.4 T, Bruker, Karlsruhe, Germany). A T 1 -inversion recovery experiment was then performed continuously for 12 h. Relaxivity values (r 1 ) were calculated by using the formula 1/T 1,observed = 1/ T 1,baseline + r 1 ·[Gd] where the baseline T 1 time is buffer alone, and [Gd] is that previously determined by ICP-AES. MTT Assay. To evaluate cell viability in the presence of the polymer, an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was performed using an in vitro toxicology assay kit (Sigma, St. Louis, MO). RAW 264.7 murine macrophages were seeded in a 96-well plate at a density of 20,000 cells per well and incubated overnight. Solutions of 10 different Gd concentrations of the polymer contrast agent or Gd-DTPA were prepared into 50 mM K 2 HPO 4 . 5 μL of the various dilutions of the polymers were added to the cells (in 100 μL total volume). After 24 h, 10 μL of MTT reagent (5 mg/mL) was added to each well and incubated for 3 h. The resulting formazan crystals were dissolved with 100 μL of acidified isopropanol, and the absorbance was measured at 570 nm with a FlexStation microplate reader (Molecular Devices, Sunnyvale, CA) (n = 4).
In Vivo Imaging and Gd Concentration. In vivo studies were performed using 8-week-old female Swiss-Webster mice (Charles River Laboratories, Wilmington, MA; approximately 25 g each). All animal studies were approved by the UCSD Institutional Animal Care and Use Committee and conducted in accordance with the principles and procedures outlined in the NIH Guide for the Care and Use of Animals.
To reduce the buffer salt concentration, the polymer was first concentrated to 25 mM Gd filtered through a Micro Bio-Spin column P6̅ (Bio-Rad; Hercules, CA) that had previously been exchanged 4 times with 1× PBS, and diluted in PBS. This step reduces the buffer salt concentration to a level appropriate for injection into mice. The resulting filtrate was injected intravenously via tail vein at 0.05 mmol Gd/kg; 200 μL at 6.25 mM. To compare our polymer contrast agent with Magnevist, a similar dose was injected intravenously via tail vein into the mice (0.05 mmol/kg; 200 μL at 6.25 mM).
For each MRI scan, mice were anesthetized using isoflurane gas and placed on a dedicated bed inside the whole-body coil at the center of the magnet while their respiration was monitored. A Magnevist standard was placed adjacent to the mice for postimaging data normalization. Intensities in the various regions of interest were normalized against the Magnevist standard, which is unchanging during the course of the experiment. A T 1 -weighted 3D gradient echo sequence was then run with the following parameters: coronal acquisition, field of view = 60 mm, matrix size 256 × 256 (in-plane resolution of 0.23 mm), 24 slices, 1.5 mm slice thickness, T R = 30 ms, T E = 1.7 ms, flip angle = 50°, number of excitations = 2, approximately a 7 min scan duration. A preinjection image was first taken to record baseline intensities.
To measure the Gd concentration in mouse blood over time, mice were injected with either the polymer contrast agent or Magnevist at 0.01 mmol of Gd/kg. Blood was extracted from the mice at regular time intervals (n = 3) via the tail artery. Blood was then placed in microcentrifuge tubes preloaded with 10 μL of 1000 U of heparin-sodium and taken directly for ICP-AES measurements. Blood solutions were diluted into 1× PBS, Milli-Q water, and a final concentration of approximately 0.4% HNO 3 .
■ RESULTS Degradation at Physiological pH. To assess the kinetics of degradation of our polymer contrast agent, we measured its molecular weight as a function of time at various pH values by GPC ( Figure 1A) . At pH 10, the polymer shows no molecular weight change, indicating that it remains intact at and above pH 10. However, at pH 7.4, degradation of the polymer is clearly visible, with full degradation at 24 h. At pH 6.5, the degradation is even more rapid, reaching completion at approximately 8 h. Because ketal hydrolysis produces acetone as a byproduct (see Scheme 1), we simultaneously measured acetone release over time by UV spectroscopy ( Figure 1B ). In agreement with the molecular weight measure, no acetone release is observed at pH 10, and lower pH values increase the rate of acetone release. Maximum acetone release at pH 6.5 is observed at 10 h, while at pH 7.4, the acetone release is 90% of maximum at 24 h.
Polymeric Agent Relaxivity and Cytotoxicity. Because relaxivity is the slope of the relationship between inverse T 1 time and Gd concentration (Figure 2 ), we measured inverse T 1 time of the polymer diluted to various Gd concentrations at pH 10 (to prevent degradation) and determined that the polymer's ionic relaxivity was 8.16 ± 0.25 mM
. To determine the polymer's effect on cell viability, RAW 264.7 murine macro- phages were treated with various Gd concentrations of polymer or Gd-DTPA and cytotoxicity was measured by MTT assay. The results of the assay indicate that our polymer exhibits slightly negative effects on cell viability at high Gd concentrations.
pH Dependence of Image Intensity. To determine whether polymer degradation causes a change in relaxivity, a phantom image experiment was performed over time. T 1 -weighted images were taken of tubes containing the polymer at 0.5 mM solutions of Gd at three pH values (Figure 3) . At zero time, the solution pH was adjusted and the tubes were placed inside the MRI scanner; due to this time delay as well as the scan duration, the first scan was not completed until 0.25 h. At constant Gd concentrations, the intensity in each tube is proportional to the relaxivity. The intensity of the polymer contrast agent decreased slightly over a 6 h period at pH 7.4 and more noticeably at pH 6.5, confirming that polymer degradation leads to a relaxivity change; the intensity of the solution at pH 10 did not change.
Change in Relaxivity over Time. To investigate the rate of change in relaxivity over time at different pH values further, we took continuous T 1 measurements using a benchtop contrast agent analyzer, a Bruker minispec mq60. The mq60's short, sequential measurements allow real-time investigation of the T 1 time over 24 h. The T 1 values were converted to relaxivity values based on the relationship described in the Experimental Section and normalized by dividing by the initial relaxivity measurements (Figure 4) . Similar to the dynamic phantom experiment described earlier, the polymer contrast agent's relaxivity does not change at pH 10, while it decreases to below 60% of the initial relaxivity at both pH 7.4 and 6.5.
In Vivo Contrast Enhancement and Clearance. To compare the ability of our agent to enhance contrast to that of Magnevist, mice were injected with either contrast agent and imaged several times over the first hour and at 4 h postinjection ( Figure 5 ). Immediately after injection, both agents enhance contrast of the blood and kidneys; this contrast decreases significantly 30 min postinjection. The polymer contrast agent shows a greater image enhancement in similar locations as Magnevist. For example, both enter the kidneys rapidly, but neither affects the intensity of the liver.
For quantitative analysis of the MRI images obtained, the intensity in various regions of interest was measured using ImageJ (NIH) or OsiriX and normalized to the Gd standard placed next to the animal during imaging (Figure 6 ). The liver shows the smallest change in signal, while there is an almost doubling of the intensity in both the caudal vena cava and kidneys immediately after injection. An accumulation of intensity in the bladder postinjection indicates clearance from the blood. After 4 h, the intensity in all organs has almost returned to the original, preinjection value. Finally, the polymer contrast agent increases contrast slightly more than Magnevist in the kidneys and caudal vena cava, and no different than Magnevist in the liver and bladder.
To investigate clearance rates, Gd concentration in the blood of mice injected with either our agent or Magnevist was measured by ICP-AES after dilution. The concentration profiles (Figure 7 ) of both Magnevist and our polymer contrast agent 
■ DISCUSSION
Polymer Degradation is pH-Dependent, Rapid, and Correlates with Changes in Relaxivity. The pH dependence of polymer degradation was measured in two ways using GPC: molecular weight change over time, and acetone (degradation byproduct) release at different pH values. Though the acetone release results suggest that the molecular weight change graphs slightly underestimate the time for full degradation, both measures show that the polymer is degraded fully at pH 7.4 in one day, at pH 6.5 in eight hours, and is stable at pH 10.
Previous groups have designed degradable polymer contrast agents 14,27−32 but have not shown a direct relationship between changes in the relaxivity during the degradation time. Real-time T 1 measurements of our polymer solutions coupled with our GPC degradation showed a direct correlation between the change in relaxivity and the degradation rate. We were excited to observe that, at pH 7.4 and pH 6.5, the polymer degrades into fragments which have the same relaxivity. This value (3.8 mM
) is slightly higher than the relaxivity for Gd-DTPA measured in our system, which was 3.64 ± 0.12 mM −1 s −1 , and slightly lower than that of Gd-DTPA-bisamide (Omniscan) relaxivity in plasma, at 37°C and in a 1.5 T field, 4.1 mM
1 Interestingly, the time required for relaxivity to decrease to its minimal value is shorter for both pH 6.5 (3.7 h) and 7.4 (17 h) than the time for the polymer to fully degrade by GPC. We speculate that this results from the similar relaxivity of small oligomers formed earlier in degradation to that of the small molecule. These "small fragments" do not tumble more slowly than the small molecule contrast agent. Our polymer relaxivity measurements are similar to other polymeric contrast agents 2−5 and peptide-based contrast agents. 31, 32 Degradation-Independent Effects of pH on Relaxivity. While we are confident that the effects of pH on relaxivity over time result from degradation, it should be noted that pH could have additional effects on relaxivity. First, high pH would lead to stronger intermolecular associations, which would lower the degrees of freedom of the system and increase relaxivity. 13 This can be seen (Figure 3 ) when, at pH 10, the polymer contrast agent at time 0.25 h appears brighter than at pH 7.4, even though, according to Figure 4 , the relaxivity has decreased by only a percent or two. Similar to our system, relaxivity values for Gd-DTPA have been shown previously to be pHdependent. 33 Additionally, because each pH is achieved by Figure 6 . pH-dependent degradable polymer contrast agent enhances MRI contrast more than Magnevist in blood vessels and kidney . Normalized intensity values (n = 3) for four regions of interest, the liver (A), the kidney (B), caudal vena cava (C), and bladder (D). Black corresponds to Magnevist, and gray corresponds to the polymer contrast agent. combinations of different potassium phosphate buffers, each may have a different viscosity, which could affect relaxivity. 33 However, these factors would not cause changes in relaxivity over time. While the starting relaxivity of our data might not be identical, we do observe a change in relaxivity over time, supporting our hypothesis that degradation decreases relaxivity proportionally to molecular weight. In Vivo Contrast and Clearance. Our polymer contrast agent shows an enhanced contrast and intensity over time when compared to Magnevist (Figures 5 and 6 ). Because both our degradable polymer contrast agent and Magnevist are or become small in size, uptake in the liver should be quite limited 34 ( Figure 6A ). Furthermore, both contrast agents appear to enhance similar areas in vivo; both contrast agents seem to prefer the bloodstream and kidneys versus the liver.
The change in contrast patterns over time suggests that our agent is cleared at a similar rate as Magnevist. With both agents, contrast in the bloodstream decreases quickly and that in the kidneys increases simultaneously, followed by a slower decrease toward the initial value after approximately 4 h. Further, contrast increases over the first hour in the bladder, which is associated with renal filtration. 35 We measured Gd concentration in the blood over time (Figure 7 ), which indicated that the contrast agent is removed quite rapidly from the bloodstream. We were not surprised that our polymer contrast agent would be cleared rapidly, but had hoped to observe slower clearance time than that of Magnevist. However, our polymer contrast agent could be improved significantly in this regard (see next section).
Limitations and Improvements. Though our MTT assay shows that the pH-dependent degradable polymer contrast agent negatively affects cell viability at high concentrations, we believe that this would not likely translate in vivo. These poorviability readings could result from the high concentrations of buffer needed to attain high Gd concentrations. Furthermore, in the assay, polymer solutions are incubated with cells for 24 h, significantly longer than a similar concentration would persist in vivo. Our polymer rapidly clears into the bladder, which would reduce not only the overall polymer concentration in the blood over time but also the time window in which the polymer could enter cells in the body.
One area in which we could improve our polymer system would be to design different degradation rates. Different imaging applications require different circulation times, so a system with an adjustable clearance rate is advantageous. The degradation rate of this polymer could be slowed by incorporating hydrophobic components similar to the work of Paramonov et al. 36 Alternatively, changing the distance between the ketal and the Gd chelating moiety could also slow degradation.
The pH-dependent degradable polymer contrast agent developed here was intended to be a proof-of-concept model, so we chose a straightforward synthesis rather than developing something applicable immediately for human use. Moreover, we believe our pH-dependent degradable polymer is the first step in development of a clinically relevant blood pool contrast agent. The most critical improvement the polymer system would need is a longer blood pool retention time. This could be achieved in one of two ways. First, following the example of Mohs and co-workers, incorporating a short PEG chain would increase vascular retention, as they demonstrated for a polymer whose molecular weight was quite similar to ours prior to PEG incorporation. 37−39 Second, generating polymers with a higher molecular weight by changing the synthesis route would show an improvement in not only blood retention time but also increased ionic relaxivity, as Karfeld-Sulzer and co-workers have shown. 32 The second critical improvement is to replace the metal chelating unit with one that binds Gd more stably to further reduce risk of toxicity. DTPA-bisanhydride reacts with amines to form DTPA-bisamides, which are less stable than other Gdbinding FDA approved ligands; 1 their thermodynamic stability constant (log K) is 16.84, versus log K of 22.46 for Gd-DTPA 40 or over 23, up to 25.3 for DOTA and DOTA-modified chelators. 41, 42 While incorporating a stable chelator such as DOTA would involve a more complicated synthetic route, such an agent would be much more feasible for a practical in vivo contrast agent.
■ CONCLUSION
We have shown the synthesis of a polymer contrast agent which can rapidly degrade at physiological pH. This polymer contains ketals in the backbone, allowing it to degrade by hydrolysis at pH 7.4, catalyzed by the close proximity of these ketals to the carboxylic acids present in the polymer. We have shown degradation using GPC to monitor both molecular weight changes and acetone release. Our polymer contrast agent shows an ionic relaxivity similar to other contrast agents found in the literature. The relaxivity change of the polymer contrast agent was monitored over time and correlates well with the change in molecular weight. In vivo, our contrast agent is found in similar areas and organs as Magnevist. The intensity measured in these areas is higher than that of Magnevist at similar Gd concentrations. Imaging suggests that our polymer system is cleared from the bloodstream into the kidneys and subsequently into the bladder. Further studies are required to assess the toxicity of our system, including full pharmacokinetics and investigation into Gd distribution in the mice.
Finally, while we have described a MRI application of our pH-dependent degradable polymer, there are other applications in different biomedical imaging modalities. 43 Other lanthanides could be incorporated for luminescent detection, 44, 45 or radioisotopes 46, 47 could be chelated for radioactive decay detection. In each of these cases, the ligand used would need to be tailored to fit the requirements for proper chelation of the metal, such as coordination sites and binding affinity. In this regard, the pH-dependent degradable aspect of our polymer could be applied in different ways to meet the needs of three imaging modalities. We believe the versatility of imaging modalities, combined with the physiologically relevant degradation of our polymer, is a new and exciting addition to the imaging field.
